Abstract-Telemonitoring in the field of healthcare has vastly improved the quality of clinical diagnosis and disease prevention by providing timely medical consultation to people living in rural and remote areas. To monitor the health state of a patient certain vital physiological parameter like electrocardiogram (ECG), respiration rate, blood pressure, oxygen saturation, etc. are acquired and analyzed. Listening to the heart sounds (auscultation) is also a quick method to monitor the health state of the patient's heart. In this paper, we propose the use of a portable Doppler ultrasound sensor for measuring the heart sounds reliably and to transmit the data for further clinical telemonitoring. We have developed an ultrasound-based hardware prototype which is non-invasive in nature and easy to operate. Its portability, high accuracy, low cost, and wireless nature make this device suitable for home-based self-diagnostic applications. The developed prototype was successfully able to capture both fundamental heart sounds S 1 and S 2 reliably and transfer the signal wirelessly to the LabVIEW-based monitoring and data logging unit. This unit extracts clinically useful health information like heart rate (HR), R-R interval and heart rate variability (HRV) using signal processing algorithms. Health information is then transmitted via the Internet to a distant hospital for further improved clinical diagnosis and consultancy. The prototype was validated on 40 healthy males in the age group of 25-35 years, and the results show an overall accuracy of 96.74% in HR detection when compared with an ECG sensor, a photoplethysmograph (PPG) sensor, a pulse oximeter device and manual auscultation.
I. INTRODUCTION
Telemonitoring includes easy-to-use equipment's that help patients to track their physiological parameters at the comfort of their home and transmit the information to a distant clinic for timely diagnosis [1] . Patients can monitor their vital signs and related symptoms regularly to identify any health-related illness at an early stage. Heart sounds are also one of the several important vital parameters which reflect the proper rhythm and functioning of heart muscles and its valves [2] . Heart sounds are produced by the closing of heart valves when blood passes through it [3] . Four types of heart sounds can probably be heard during a single cardiac cycle. The most fundamental heart sounds are the first (S 1 ) and second (S 2 ) [3] . S 1 sound ("lub") is produced by the closure of the atrioventricular (AV) valves which consists of tricuspid and mitral valves while S 2 sound ("dub") is produced by the closure of semilunar valves which consists of aortic and pulmonic valves [3] [4] . In the case of cardiovascular disorders, abnormal heart sounds S 3 and S 4 can also be heard. However, sometimes S 3 and S 4 sounds can also be heard in healthy children and young adults without having any heart-related abnormalities. S 1 and S 2 are high pitch sound having frequency contents in the range of 20-120Hz while S 3 and S 4 are low pitch sounds having frequency contents in the range of 50Hz and below [4] . Sometimes, an unusual sound called heart murmurs can also be heard because of turbulent flow of blood. Sometimes, heart murmurs can also be heard in healthy adults without any major heart problems. Abnormal murmurs can be heard in situations where improper opening and closing of heart valves occur due to stenosis or regurgitation [5] . The frequency range of heart murmurs lies anywhere between 20Hz and 2kHz [4] . A stethoscope is a device used to capture the heart sounds and murmurs that arise due to cardiovascular activity. A phonocardiogram (PCG) is a recording of the heart sounds and murmurs occurring during a cardiac cycle with the help of a machine called the phonocardiograph.
As heart sounds are a mixture of both high and lowfrequency sound waves so a stethoscope should be of very high selectivity and sensitivity [6] , [7] . Proper diagnostic interpretation from heart sounds also requires highly skilled and experienced medical personnel. Therefore, there is a need of a modern stethoscope that can handle the above limitations. The electrocardiogram (ECG) is also a widely used and proven method of screening and monitoring the proper functioning of the heart and its electrical activity. However, certain abnormalities like heart murmurs, structural defects of heart walls and valves can't be diagnosed easily. Magnetic resonance imaging (MRI), ultrasonography (USG), computerized tomography (CT) techniques are also employed to investigate further the size, shape, structure, and function of the heart [8] , [9] . These techniques also create moving image of the heart in real time. However, a major limitation of these techniques is their high cost, the requirement of highly experienced clinical personnel to operate and nonportability of the equipment [10] . Therefore, there is a requirement of a cost-effective, portable, non-invasive, easy to use and reliable technique for early and timely detection of heart-related abnormalities for patients living in rural and remote areas.
In this research, we have developed an ultrasoundbased electronic auscultation system with the aim in mind that the system should be easy to configure and can be operated from home for early detection and monitoring of heart-related illness. We have used an ultrasound sensor in combination with an ECG, PPG and pulse oximeter sensor for a long-term real-time monitoring of heart activity and to verify the results of the ultrasound sensor for reliability and accuracy. The calculated heart rate shows a promising, accurate and reliable ultrasound auscultation system for telemonitoring of heart sounds.
The rest of the paper is structured as follows: in Section 2, a brief background on heart sound and related works are presented. System description and architecture are explained in Section 3. In Section 4, a methodology for signal processing is explained. In Section 5, experimental results are presented. Section 6 discusses the results and limitations of the work. Finally, main conclusion and future scope of our work are pointed out.
II. RELATED WORK
Heart sounds can be described by their intensity, pitch, location, quality, and timing in the cardiac cycle [11] , [12] . Fig. 1 shows the main anatomic positions on the chest to place the sensor while evaluating heart sounds. The position includes the aortic area (second intercostal space [ICS] just to the right of the sternum), the pulmonary area (second ICS just to the left of sternum), the tricuspid area (fourth and fifth ICS just to the left of sternum), and the mitral area (cardiac apex). Fig. 2 illustrates that S 1 sound starts approximately 0.05 sec after Q-R-S onset, S 2 sound starts 0.03-0.05 sec after Twave ends, S 3 sound starts 0.12-0.18 sec after S 2 , S 4 starts 0.12-0.18 sec after the onset of P-wave. The correlation between an ECG, a PCG, and a heart pulse waveform is shown in Fig. 3 . Systole phase produces a peak in heart pulse waveform, and diastole phase produces a valley in heart pulse waveform. Various studies have been done in the past to create an electronic stethoscope for heart sound identification. A. Sa-ngasoongsong et al. developed a wireless sensor system using embedded hardware components and open source software for remote and mobile phonocardiograph applications [13] . L. Torres-Pereira et al. demonstrated the feasibility of a non-invasive telemetric PCG probe with minimal constraints as compared to ECG [14] . Recently, ultrasonic Doppler technology has been extensively utilized for the assessment of fetal heart sounds and fetal heart rate (FHR) for pregnancy-related complications [15] . M. Ruffo et al. proposed a combined ECG-PCG system for fetal heart rate detection and related anomalies [16] . Various other research also focuses on early detection fetal heart rate by developing a web-based fetal monitoring system [17] [15], PC-based fetal PCG measurement [18] [19] , and simulation of maternal abdominal conditions for PCG based prenatal monitoring [20] . As heart sound are easily corrupted by the noise, therefore many studies have been lately based on denoising of PCG signals. A. Jimenez-Gonzalez et al. extracted fetal heart sounds from noisy single channel abdominal phonograms [21] using temporal independent component analysis (ICA) approach [22] and blind source separation (BSS) approach [23] . The underlying heart disorders and its nonlinearities can be observed by wavelet packet transform [24] . Wavelet denoising algorithms also provide the possibility of immediate processing of recorded PCG Signal [25] [26] . Various studies show that uncertainties in heart sounds can also be handled by fuzzy logic algorithms [27] . A wavelet transform is an effective tool when it comes to the analysis of both time and frequency domain due to its localization property in both frequency and time domain. Wavelet thresholding method was proposed by Donoho in 1994 for the purpose of denoising by setting the threshold to remove noise in wavelet domain [28] .
III. SYSTEM DESCRIPTION
The proposed system for Doppler ultrasound-based heart sound monitoring consists of three main blocks discussed below and also shown in Fig. 4 . 
A. Data Acquisition Block
The ultrasound sensor used is a portable and nonintrusive sensor as shown in Fig. 5 (A), and is placed on the chest of the patient to monitor heart sounds. The sensor is placed on the chest location where heart sounds are most audible. The preferred position for heart sound auscultation corresponds to the heart valves positions marked by A (aortic), P (pulmonic), T (tricuspid), M (mitral). The sensor works on the 2MHz frequency and consists of two ultrasonic crystals placed at an angle, one for the transmission and another for the reception. The transmitter continuously sends ultrasonic signals at a frequency of 2MHz which is reflected back by the surface and medium through which it passes. The reflected signals are continuously received by the receiver. The Doppler shift in the transmitted and reflected signals are converted into electrical signals which are amplified and transferred to the data acquisition unit for further processing. PPG sensor shown in Fig. 5(B) and an ECG sensor shown in Fig. 5 (C) are also used for simultaneous heart pulse and ECG recording along with heart sound recordings. Precaution is taken for proper grounding and electrical isolation of the patient from the system.
For data acquisition, we have employed National Instruments (NI) myRIO-1900 which is a portable reconfigurable input/output (I/O) device used mainly for robotics, mechatronics, and control design environment 
B. Data Processing and Interpretation Block
As NI myRIO is seamlessly compatible with the NI LabVIEW, therefore, we have applied all the signal processing algorithms, data interpretation, and display in NI LabVIEW software installed on a core i3 PC with 4GB of RAM. We have designed a virtual instrument (VI) which displays all the relevant information like PCG, ECG and PPG acquired from patients in real time and simultaneously calculate the HR in beats per minute (bpm) and correlate the results in real time. The HR calculated from heart sound signal can easily be viewed and listened by the patient for home-based health monitoring. Several signal processing steps are used in this block as shown in Fig. 6 for quantifying the heart sounds signals into HR value for easy identification and interpretation of hearts rhythm and pace. The RR interval (also called as RR tachogram) calculated from HR data are used for HRV analysis to predict the overall health state of the patient.
C. Remote Health Monitoring Block
In this paper, we have also demonstrated the use of Internet-based telemonitoring of heart sounds and its corresponding HR. The calculated HR information from our experiments along with patient details are reliably transmitted via the Internet to the Google cloud service. This data can be accessed by authorized medical personnel for further advanced clinical diagnostics and consultancy. This cloud-based architecture provides healthcare solutions to patients who are beyond the reach of hospitals. Previous studies report that telemonitoring in the field of healthcare has effectively improved patients health outcome [29] , [30] .
IV. SIGNAL PROCESSING AND SIMULATION NI myRIO was programmed to collect samples at a rate of 1000Hz. Along with heart sounds, PPG and ECG were also recorded and displayed in the real-time VI developed in LabVIEW. NI myRIO has a very high data acquisition rate of 500KSamples/sec on its analog input port. This high data rate is only available over the single analog channel when it is operated in high throughput personality. Moreover, NI myRIO has a Linux-based real-time operating system (RTOS), and it stores data in its internal memory when used in high throughput personality. In our research, we have exploited the default personality of NI myRIO in which it stores data on the local hard disk of the system while maintaining the realtime functionality available over eight analog channels with the use of shared variables. Out of eight analog channels available we have used three channels at 1000Hz sampling rate each for heart sound, PPG and ECG simultaneously. Steps involved in heart rate estimation from recorded PCG signal is shown in Fig. 6 as a flow chart. 
A. Data Acquisition
Raw heart sound signals acquired via the ultrasound sensor along with ECG and PPG signal are displayed in real time in a PC running LabVIEW software as well as these data are stored simultaneously on the local disk for database generation and telemonitoring. Fig. 7(A) shows the captured raw heart sound signals.
B. Down Sampling
Original heart sound signal which is sampled at 1000Hz is down sampled to 500Hz to reduce the number of samples and to speed up the computation of heart rate. As the heart sound frequencies under consideration range from 20Hz to 200Hz as shown in Fig. 7 (B) therefore proper precaution must be taken before downsampling the signal to avoid aliasing effect. The addition of an antialiasing filter before down sampling prevents undesired signals or noise to alias into the desired signal band.
C. Band Pass Filtering
The frequency of the fundamental heart sound S 1 and S 2 lies in the range of 20Hz-100Hz. In order to remove the frequencies outside this range, we have applied band pass filtering having two frequency threshold to the down sampled signal as shown in Fig. 7(C) and its corresponding FFT in Fig. 7(D) .
D. Envelope Generation
The envelope of a signal represents the energy of the signal at that instant of time. The envelope of the band passed signal is extracted to find out the actual periodicity of the heartbeat. Two different approaches were used, one using squaring and low pass filtering and another with Hilbert Transform and low pass filtering. Both approaches tend to produce good results, but Hilbert Transform approach is more robust as shown in Fig. 7 (E) and 7(F). 
E. Peak Detection
Peak detection is one of an essential time-domain analysis performed in signal monitoring. In the block diagram of LabVIEW program as shown in Fig. 8 two peak detector functions were used, one using quadratic fit and interpolation method and another using Wavelet analysis. Both perform equally well in peak detection by defining the proper threshold. The detected peaks are shown in Fig. 7 (G) and 7(H).
F. Heart Rate Calculation
The number of S 1 and S 2 peaks detected in 60 seconds is equal to the total number of fundamental heart sounds detected in that duration. In this research, we are focused on detecting the fundamental heart sounds S 1 and S 2 only and the experimental recordings were collected only for normal healthy adult males with no previous record of heart disease. Therefore, the calculated heart rate of the patient will be equal to half of the total number of peaks detected in 60 seconds.
G. Heart Rate Variability Analysis
Heart Rate Variability (HRV) is defined as the variation in the time interval between successive heart beats (RR interval). The frequency spectrum of the RR interval is composed of two primary fluctuations, one Respiratory Sinus Arrhythmia (RSA wave) and other baroreceptor reflexes (Mayer wave). HRV is a direct indicator of autonomic regulation of the heart through analysis of these fluctuations. The frequency domain HRV analysis shows that Mayer waves are associated with low frequencies (0.04-0.15 Hz), and RSA wave is associated with high frequencies (0.15-0.40 Hz). The power contained within these frequency bands reflects the overall autonomic function of the patient. The ultrasound-based hardware prototype is used to collect heart sound (PCG) signals from 40 healthy males in the age group of 25-35 years. All subjects were well informed about the experimental procedures, and written consent was taken from all subjects. One-minute recording of each individual is collected by placing an ultrasound sensor on the patient's chest where the heart sounds are most audible. Locations corresponding to the pulmonary valve and mitral valves position gives a good audible signal. All recordings were made in upright sitting position as shown in Fig. 9 . The captured heart sounds are wirelessly transmitted to the PC-based monitoring system for displaying, de-noising and further advanced signal processing. A real-time VI was developed which displays all the acquired data in real time and calculate the corresponding heart rate as shown in Fig. 10 . High-frequency range headphone was used to hear the acquired PCG signals directly from NI myRIO audio out port in real-time. In place of headphones, the sound card installed in PC can also be used for listening high-quality audio output of PCG signals. All data are continuously logged onto the local hard disk for database generation. For performance validation of the ultrasound sensor, we have compared the results with a PPG sensor, an ECG sensor, and a pulse oximeter. When the recorded heart sounds were heard via headphones, the auscultated heart beats per minute were also tabulated. A typical value of the recordings obtained from 16 subjects are shown in Table 1 . An overall accuracy of 96.74% was obtained when compared with the other sensors. Therefore, this prototype can easily be employed as a home-based electronic stethoscope for telemonitoring of heart sounds.
We have implemented a database generation and transmission protocol where each and every patient's health information along with vital parameters like ECG, To understand the autonomic regulation of the heart, we have applied HRV analysis to all the 40 recordings. Heart rate data extracted from ECG sensor and ultrasound sensor for subject 4 are converted to R-R interval plot as shown in Fig. 11 . R-peaks detected from ECG signal are considered as a reference value (depicted by the blue line in Fig. 11) , and S 1 peaks obtained from the heart sound signal are considered as measured value (depicted by the red line in Fig. 11) . A comparison between the reference and measured R-R interval plots for subject 4 is shown in Fig. 11 . An accuracy of 98.30% and a positive correlation of 0.75 was obtained for heartbeat detection from ultrasound sensor. Fig. 12 and Fig. 13 respectively. Fig.9 . Real-time operation of the proposed device on a subject. 
VI. DISCUSSION
A variation in the R-R interval is a natural physiological phenomenon. These variations arise mainly due to the sympathetic and the parasympathetic activity of the human body which is governed by the autonomic nervous system (ANS). The effect of HRV on mother and her fetus has been studied by Queyam et al. in case of normal pregnancies and they concluded that fetomaternal HRV analysis is beneficial for understanding the autonomic regulation of mother and her fetus [31] . Factors like baroreflex sensitivity, thermoregulation, umbilical blood flow rate [32] , circadian rhythm, meals, physical activity, etc. can be also be predicted by HRV analysis. Various studies in the past has confirmed the correlation between the amount of stress on an individual and the corresponding HRV of that individual [33] - [35] .
The proposed ultrasound-based device also helps patients to keep track of their heart rate variability by measuring their heart sound signals.
Some design challenges and minor limitations related to this research work are mentioned below: - This work presents the use of a low-cost, non-invasive and portable ultrasound sensor based system for telemonitoring of fundamental human heart sounds S 1 and S 2 and the corresponding heart rate in beats per minute reliably and accurately. The hardware prototype developed is easy to operate and can be used at home by the elderly heart patients and patients living in remote areas. The application of NI myRIO DAQ in the biomedical domain has also been evaluated. The reliable wireless connection between the DAQ and the monitoring and recording system makes this prototype very portable and easy to operate in multiple patient scenarios as well. Connecting the DAQ wirelessly to a router also serve the purpose of increasing the monitoring range as well as connectivity with the Internet for transmission of the data in real time. The acquired heart sounds from 40 healthy males are validated with recordings acquired from a PPG sensor, an ECG sensor, and a pulse oximeter device simultaneously in real time. Heart sounds auscultations of ultrasound acquired signals are also performed for heart rate identification. The experimental results show that the prototype is capable of detecting both fundamental heart sounds (S 1 and S 2 ) with an overall accuracy of 96.74%. And the heart rate calculated from ultrasound sensor is highly accurate to be used as a standalone system for inhome PCG measurement, auscultation and telemonitoring. The prototype is beneficial for patient's living in remote and rural part of India.
VIII. FUTURE SCOPE
In future authors would like to acquire heart sound signal at a higher sampling rate with NI myRIO in build Xilinx FPGA chip. Fractal decomposition technique can be implemented for segmentation and classification of fundamental heart sounds as well as other pathological heart sounds including heart murmurs. We would like to expand our work in the feto-maternal domain for extracting fetal PCG signals for monitoring feto-maternal well-being. 
